We present a compact setup based on a three-dimensional integrated optical component, allowing the measurement of spectrally resolved complex-visibilities for three channels of polychromatic light. We have tested a prototype of the component in R band and showed that accurate complex visibilities could be retrieved over a bandwidth of 50 nm centered at 650 nm (resolution: R=130). Closure phase stability in the order of λ/60 was achieved implying that the device could be used for spectro-interferometry imaging.
INTRODUCTION
Spectro-interferometry is an advanced astronomical technique used to deliver high-resolution images of astronomical targets and to study their morphological features. The technique consists in dispersing the light after a beam combiner and analyzing the complex visibilities as a function of the wavelength. Variations of the visibilities across the spectrum of an astronomical target can be exploited to devise its astrophysical morphology. 1 On the other hand, for more spectrally uniform objects, it is possible to exploit the dependence of the (u,v) coordinates on the wavelength to achieve a better Fourier-plane coverage for interferometric imaging applications.
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In this context, it was recently shown that a 4-telescope integrated optical beam combiners 3 coupled with an imaging spectrometer are able to obtain high precision measurements of the visibility across the spectrum leading to very good (u,v)-plane coverage in just a few hours of observation. 4 However, to increase the imaging capabilities of interferometers, simultaneous combination of a larger number of telescopes is desirable. Unfortunately, conventional integrated optics components are not easily scalable to the simultaneous combination of more than 4-6 telescopes, since the planar constraint makes the design of the beam combiner increasingly complex.
This complexity inherent to the planar geometry could be lifted by arranging the waveguides in three dimensions. For instance, Rodenas et al. demonstrated in the laboratory the operation of a simplified three-channel, mid-infrared beam combiner featuring three-dimensional (3D) curved waveguides and Y-junctions written in chalcogenide glasses. 5 The first interferometric 3D component to be tested on-sky was the Dragonfly photonic chip, where waveguides are used to remap 4 pupil apertures into a non redundant linear array of point-like sources for free-space multi-axial beam combination. The potential of pupil remapping techniques resides in the possibility to retrieve high-dynamical range images from seeing limited instruments and with a resolution close to the diffraction limit. 6 Finally, Minardi et al. showed in laboratory experiments 7 that the design of a beam combiner can be radically simplified down to a two-dimensional regular array of coupled waveguides (the discrete beam combiner, DBC).
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In this paper, we focus on the polychromatic operation of the DBC. While the monochromatic operation of the device 7 is (in a sense) trivial, the strong wavelength dependence of waveguide coupling can affect the accuracy of phase and visibility retrieval when used with polychromatic light. We found that by operating the DBC in 'white light mode', the coherence retrieval works with bandwidths as large as 17 nm at a central wavelength of 640 nm.
9 This is obviously a too small bandwidth to be useful for astronomical applications. A solution to this problem is to use the DBC in spectro-interferometry mode and apply the coherence retrieval method to small bandwidths. By dispersing the output of the array we could extend the operation of the DBC to a total bandwidth of 50 nm centered at 650 nm. The range is limited only by the output pitch of the array of waveguides which can be changed by design. The capability of the component to retrieve visibility and phase is uniform across the whole investigated spectral range. In particular, the closure phase (sum of all possible phase differences between channels) was stable within λ/36, implying that high precision interferometric imaging is possible. Scalability to infrared wavelengths of the DBC component will be discussed as well as possible implementations for multi-telescope interferometric instruments.
THEORETICAL BACKGROUND

Operation principle of the discrete beam combiner
The discrete beam combiner exploits the properties of discrete diffraction 10 to achieve interferometric beam combination with two dimensional arrays of evanescently coupled, single mode waveguides. 8 Because of the evanescent coupling, light injected in a single waveguide will excite neighboring waveguides of the array in a fashion resembling free-space diffraction, but bounded to a discrete number of sites (the waveguides) -hence the name 'discrete diffraction'. Each waveguide of the array will carry a fraction of the input flux of light, with a field amplitude and phase depending only on the position of the input waveguide and the length of the array. By exciting simultaneously more waveguides, the propagating fields due to each input waveguides will sum up coherently in the waveguides of the array giving raise to a discretized interference pattern.
By arranging in a vector I the output intensities at each waveguide (the output excitation pattern of the waveguide array) we can use a linear transformation (Visibility To Pixel Matrix or V2PM, 11 hereafter indicated with {α}) to obtain the vector J containing the quadratures of the complex visibilities pertaining to all possible pairwise combinations of the input fields. Thus, by applying the (pseudo)-inverse of the V2PM (Pixel To Visibility Matrix, P2VM) to the readout of the discrete intensity pattern at the output of the waveguide array, the visibilities can be extracted:
A minimal condition for the (pseudo)-inverse of the {α} matrix to exist is that the array should feature at least N × N waveguides, N being the number of combined fields (corresponding to apertures/telescopes).
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Even in that case, however, not all the choices of input sites and lengths of the waveguide array are suitable for interferometric beam combination. Indeed, most of the input configurations/array lengths result in badly conditioned or even singular V2PM. Thus it is necessary to identify (e.g. by numerical search) the combination of input configuration and array length which leads to the most stable V2PM. In the numerical parametric scan, a useful quantity to gauge the stability of the {α} matrix is its condition number, defined as the ratio of the maximum to the minimum singular values. 13 The smaller the condition number of the V2PM, the better is the stability of the DBC method against errors in the measurement of I and the calibration of the elements of the matrix {α}.
Chromaticity of the evanescent coupled waveguides
As mentioned before, evanescent coupling of waveguides is strongly chromatic. The chromaticity arises from the fact that the size of the fundamental mode of the waveguide is proportional to the wavelength.
14 As a consequence, the overlap integral between two modes of neighboring waveguides (which regulates their coupling strength) grows steeply with the wavelength. The variation of the coupling strength leads to a variation of the discrete diffraction pattern generated by each input waveguide (see Fig. 1 ) which in turn modifies the elements of the V2PM. Thus, for each wavelength λ we can define a corresponding matrix {α} λ and a vector J(λ). This means that the same coherence properties of light will generate a different output pattern for each wavelength. The overall output intensity at each waveguide can be expressed as the integral over the wavelength of the monochromatic intensities:
In this case, we cannot define the measured intensity pattern in terms of a matrix by vector product. A solution to come around this issue is to disperse the output light so that we can apply the DBC method to every single
wavelength. An alternative to solve Eq. (2) is to have an achromatic matrix {α}, which is independent of wavelength. In this case, the matrix can be factorized out from the integral and we can retrieve the wavelength averaged J vector. In general, we can assume that there is a certain bandwidth ∆λ such that the matrix {α} behaves achromatically within a very good approximation so that:
The wavelength averaged J λ vectors correspond to the J vector of a polychromatic source, since the quadratures of the coherence functions for each wavelength can add up.
SETUP
As we have seen in the previous section, a way to operate a DBC despite the chromatic dispersion of the evanescent coupling is to select a narrow observing bandwidth of the discrete interference pattern. Broadband operation is then ensured if we are able to scan the central wavelength of observation. Simultaneous acquisition of the interference patterns at several wavelengths is possible by exploiting a method already used to acquire data cubes for integral field spectroscopy.
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By dispersing the light across the area in between the waveguides, it is possible to acquire the discrete interference pattern simultaneously for different wavelengths, the same way as lenslet-array-based integral field units do to acquire spectra of contiguous sampling points. 16 Because the evanescent coupling used for interferometric beam combination requires that the waveguide separation is only a few times the mode size, it is necessary to reformat the array of waveguides into an array of much larger pitch to accommodate the spectra. By analyzing the DBC pattern of light at each individual color, it is possible to determine, wavelength by wavelength, the coherence properties of the combined light.
A conceptual scheme of the DBC component and its integration in a setup suitable for spectro-interferometry is illustrated in Fig. 2 . At the beginning of the sample, a small pitch between the waveguides allows a strong inter-waveguide coupling which permits the DBC operation. The coupling decreases as the waveguides are driven apart, so that the discrete interference pattern formed at the beginning is frozen in the waveguides. At the end of the sample the separation between waveguides is large enough so that it is possible, by means of an imaging spectrograph (represented by a prism), to project low resolution frequency spectra of the light coupled in each individual waveguide in the gaps between them. We present now the laboratory characterization of a DBC prototype manufactured to combine simultaneously three telescopes and operate from 640 nm to 690 nm. This wavelength range was dictated by the available polychromatic light source and optical equipment of our laboratory, but the results of the experiments are representative of what could be achieved at other wavelengths, for instance in the near-or mid-infrared. The setup used to test the DBC is illustrated in Figure 3 and is composed by four main units: 1) a polychromatic light source, 2) a three channel Mach-Zehnder interferometer, 3) the DBC component and 4) a imaging spectrometer. The polychromatic light source is a supercontinuum laser from which up to 8 channels of bandwidth ∆λ = 2.5nm can be independently selected within a range spanning from 640 to 800 nm. The output is coupled to a single mode fiber which acts as a spatial filter and is fed to the setup.
After collimation, the beam from the polychromatic light source is shaped by a pair of cylindrical lenses in order to match the elongated beam shape of the waveguide modes.
The beams of the three telescopes were simulated by the three channels of the modified Mach-Zehnder interferometer of Fig. 3 . The complex visibilities arising from the interference of pairs of beams chosen from the three channels represent the visibilities of a baseline (baseline1=Beam1-Beam2, baseline2=Beam1-Beam3, baseline3=Beam2-Beam3). The three beams are focused on the input waveguides of the DBC component, as illustrated in the inset picture. The phase between the beams could be controlled by means of phase modulators (PM in Fig. 3 ) nested in two of the delay lines.
The integrated optical component consists of a tapered square 4x4 array of coupled waveguides. The pitch of the array varies linearly from 13 to 80 microns over a length of 75 mm. The output array is then dispersed by a miniature, prism-based imaging spectrograph with resolution R=130 and recorded by a CCD camera. We adjusted the magnification of the imaging spectrometer so that the mode size of a single waveguide was matched to the pixel size of the CCD.
FABRICATION OF THE DBC SAMPLE
The technological platform for 3D photonics is based on the direct writing of transparent materials with tightly focused ultrashort (< 100 fs) laser pulses. Under irradiation of high intensity laser pulses a localized, low density plasma is formed which develops, upon recombination, in defects or a reconfiguration of the local material structure. These structural modifications manifest themselves as local variations of the refractive index, which can be positive or negative depending on the type of irradiated material. By scanning the laser beam focus inside the material with a 3-axes positioning system, it is possible to inscribe complex refractive index structures in 3D. As sample material we chose fused silica, a material which exhibits positive refractive index variation upon irradiation and can thus be used to create waveguides with relatively low loss (about 0.5 dB/cm) in the visible region. 17 
RESULTS
Our experimental characterization of the DBC component with polychromatic light started by analyzing the stability of the calibrated V2PM matrix (for the calibration procedure see Saviauk et al. 2013 9 ) for different bandwidths of the polychromatic light. The bandwidth of the light source was changed from a minimum of 2.5 nm to a maximum of 62 nm by selecting several channels of our supercontinuum laser. The stability of the V2PM was evaluated by calculating its condition number. The results are illustrated in Fig. 4 . The condition number remains about constant (∼ 11) for bandwidths smaller than 40 nm, then it sharply increases. The condition number alone however does not account for the accuracy of the measurement of the coherence parameters, which was carried out with additional tests described in detail in Saviauk et al. 2013 . 9 These additional tests pointed out that the maximum polychromatic bandwidth which can be used without dispersing the output of the DBC is about 17 nm, for a central wavelength of 640 nm.
We next analyzed the performance of the DBC in spectro-interferometry mode, by inserting the imaging spectrograph in front of the CCD camera. The light was dispersed along the horizontal direction (parallel to the lines of the waveguide array), so that we had a total free spectral range of 50 nm. As a first test in the spectro-interferometry mode we verified that our system can deliver high visibilities throughout the spectral range. We set the optical path difference between the three input beams to 0 for light at λ c = 660 nm. The optical path of the beams 1 and 3 was then modulated independently with a ±6 µm stroke with rates of 5.2 µm/s. The recorded the DBC output was used to retrieve a time series of the normalized visibilities. The average values of the visibility and its standard deviation are plot as a function of the wavelength in Fig. 5(Left) for the three baselines of our interferometric setup. The visibility of the three baselines is constant within the error bars and its average value over all baselines and all wavelengths is 0.88 ± 0.06, allowing a raw visibility dynamics of about 15. Part of the residual variation of the visibilities over wavelength may be attributed to the chromatic dispersion of the beam splitters used in the Mach-Zehnder interferometer. With the same data we tested also the spectral uniformity of the DBC method in retrieving optical path difference (OPD) data. The measured OPD variation between beams 2 and 3 was 24.6 µm and was constant within 70 nm across the investigated wavelength range.
A crucial parameter for astronomical imaging is the stability of the closure phase. In our case the closure phase is defined as Φ C = Φ 12 + Φ 23 − Φ 13 , where Φ xy is the optical path difference between beams x and y. We have measured the standard deviation of the closure phase for different wavelengths as illustrated in Fig.  5(Right) . We have obtained a stability better than 19 nm (λ/36) over the whole bandwidth of 50 nm, with a minimum value of 11 nm (λ/58) at a wavelength of 650 nm. Notice that planar beam combiners for astronomical interferometry were reported to have an absolute closure phase stability of 11 nm at a wavelength of 1550 nm (λ/144), 3 a result in line with our observations.
CONCLUSIONS AND PERSPECTIVES
In conclusion, we have shown how to operate a discrete beam combiner with polychromatic light. The chromatic variation of the coupling strength of the waveguide array is handled by dispersing the output discrete interference pattern with a compact imaging spectrometer. The setup can be used for low resolution spectro-interferometry.
The DBC approach to astronomical interferometry has a perspective for the integrated, 'all-in-one' combination of large arrays of telescopes or sub-apertures, which cannot be delivered easily by the planar integrated optics. We mention that recent numerical searches found DBC configurations capable of combining up to 8 telescopes (Ronny Errmann, personal communication). Particularly attractive is the perspective to implement the DBC concept for mid-infrared wavelengths, where conventional integrated optics is at its infancy. By exploiting the technological platform of femtosecond laser writing, simple and robust beam combiners can be manufactured at lower cost per unit than the photolithographic approach.
Some technological developments are still necessary to improve the quality of the laser written waveguides, especially for what concerns their transparency. In fact, laser written waveguides have transmission losses in the visible in the order of 0.5 dB/cm and can reach 1-2 dB/cm in the mid-infrared. 5 Considering that the DBC sample length could be in the order of 5 to 10 cm, a considerable loss of energy is expected. In this context, post-processing treatment of the laser fabricated waveguides can result in a significant reduction of intrinsic losses.
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For what concerns the writing of large arrays of waveguides, it should be noted that techniques for writing 'deep' into thick materials (∼ 1mm) would be needed. Tools for doing this (like active compensation of spatial and temporal aberrations of the writing pulse) are currently at reach of today's technology. 
